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We investigate the prospects to extract supersymmetric couplings from a decay length measure- 
ment at the LHC. Specifically, we exploit the opportunity of a light and long-lived stop which is 
pair-produced through gluinos in association with like-sign top quarks. Any observed finite value of 
the stop decay length strongly supports models in which flavor is broken in a minimal way solely 
by the Standard Model Yukawa couplings. We find that a 1 picosecond stop lifetime, dominated 
by t — » cx° decays, yields macroscopic transverse impact parameters of about 180 microns. If the 
lightest neutralino is predominantly higgsino or very close in mass to the light stop, the stop lifetime 
even increases and allows to observe stop tracks and possibly secondary vertices directly. Measuring 
squark flavor violation with the stop decay length works also with a gravitino LSP if the neutralino 
is the NLSP. For this case, opportunities from t — > cx° — ► c'yG decays for very light gravitinos with 
mass < keV are pointed out. 

PACS numbers: 14.80.Ly,12.60. Jv,12.90.+b 



I. INTRODUCTION 

The past decade has brought great advances in the de- 
scription of quark flavor violation in the Standard Model 
(SM) in terms of both consistency checks and precision. 
Together with the constraints from K, D and B meson 
studies on flavor changing neutral currents (FCNC) , this 
has strong implications: The physics at the TeV-scale 
cannot contain much more flavor violation than the SM 
1 . Intriguing loopholes exist presently, however [2]. 

A generic framework consistent with current flavor ob- 
servations is minimal flavor violation (MFV), where the 
Yukawa matrices are the sole source of flavor break- 
ing, as in the SM. In the context of the minimal su- 
persymmetric standard model (MSSM), MFV predicts 
highly degenerate first and second generation squarks 
and their mixing with the third generation to be sup- 
pressed by small CKM quark mixing angles Vij of the or- 
der \V c b\, \ Vts \ ~ 0.04 (second-third generation) or smaller 
\V ub \ ~ 0.004, \V t d\ ~ 0.01 (first-third generation). 

Is it possible to directly measure such small flavor 
changing couplings in squark mixing and support MFV? 
We pursue here the proposal of Ref. j3] and exploit the 
opportunity of a light stop whose decay to top quarks is 
kinematically forbidden. If this stop then decays predom- 
inantly via FCNC into charm and the lightest neutralino 
t —> cx° , it has a long life because the coupling between 
stop and charm is CKM-suppressed as dictated by MFV. 
(In this work t and x° always denote the lightest stop 
and neutralino, respectively.) Lifetimes of order picosec- 
onds are possible, and with boost factors 7/3 ~ 1 [55] . 
this leads to a macroscopic decay length of the order of 
a few hundred microns. The goal of this work is to an- 
alyze the prospects to observe this scenario and extract 
superpartner MFV couplings at the LHC. 

The paper is organized as follows: In Sec. [IT] we briefly 
review the framework of a light stop in MFV. In Sec. |III| 
the collider signatures are worked out. The lightest su- 
persymmetric particle (LSP) does not need to be the x°- 
In Sec. |IV| we consider the case with a gravitino LSP and 



the stop or the neutralino being the next lightest super- 
symmetric particle (NLSP). In Sec.|v]we summarize and 
conclude. 



II. A LIGHT STOP IN MFV 

Our framework is a generic MSSM setting which is 
MFV and where the lightest stop decays predominantly 
to charm. (Decays to first generation up quarks are 
further CKM-suppressed.) Many of the contemporary 
TeV-scale models are MFV, such as gauge and anomaly 
mediation and hybrids, e.g., 4 , or by construction, the 
CMSSM and msugra, see, e.g., [5]. 

Within MFV, all flavor changing effects with squarks 
and quarks are controlled by the quark Yukawas X q and 
CKM angles [5J. In particular, the t — c — \° coupling Y 
is parametrically suppressed as [31 [7] 

Y cx X 2 b V cb V t * b ~ 3 • 10" 5 tan/3 2 , (1) 

where the higgsino component of the x° receives an ad- 
ditional suppression by the charm Yukawa A c ~ 10~ 2 . 
The precise value of Y depends on the composition of 
the stop and the neutralino and, to some extent, on the 
flavor diagonal properties of the supersymmetry (susy) 
breaking mechanism. Hence, even further suppressions 
beyond those from flavor given in Eq. Q can arise [3J. 

In models with flavor blind susy breaking at the 
scale of mediation M, intcrgcncrational squark mixing 
is radiativcly induced at the weak scale mz at order 
l/(167r 2 ) hi(mz/M) times a flavor factor, which for the 
case of stop-scharm mixing is written in Eq. ([lj. Since 
the coupling Y is normalized to an average squark mass 
squared which also receives logarithmic corrections, the 
dependence on the scale M gets partially cancelled. 
There is, however, sensitivity to the relative size of gaug- 
ino and flavor-universal scalar masses and trilinear terms. 

Note that a small Y is very specific to MFV susy. 
Other MSSM variants give generically larger values of 
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the flavor factors, such as Y cx A c (flavor anarchy) or 
Y cx V c bX c (alignement [8]). 

Stop decays into tops, which would otherwise be a lead- 
ing channel, can be forbidden by a suitable spectrum 
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l x a < m t , 
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where m^, m x a, and rrit denotes the mass of the lightest 
stop, the lightest neutralino, and the top quark, respec- 
tively. 

To also avoid a contamination from four-body decays 
t — > b£isx°, Am needs to be lower than the bound given 
in Eq. ([2| . The actual value is model-dependent and typ- 
ically in the range [few (5 — 10)] GeV. This choice is also 
consistent with the constraints from direct searches [S]. 
Neglecting the charm mass in kinematical factors, the 
t —> c\° decay rate is then given as 
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It is suppressed by the small coupling and mass splitting. 

With m~ t ~ 0(100) GeV and Eqs. stop lifetimes 

in the picoseconds range arise. Consequently, the stop 
hadronizes before decay. 



III. 



cx 



We work out collider signatures of a light stop decay- 
ing to charm and the lightest neutralino within MFV 
susy. We make a few minimal assumptions on the susy 
spectrum only: The lighter stop is light, and its mass is 
not too far away from the one of the lightest neutralino. 
In addition, we require the mass of the gluino m g to be 
sufficiently heavy to allow for decays to tt and t*t. The 
masses of all other squarks except for the lighter stop 
should be sufficiently above trig such that the gluino de- 
cays predominantly into these top plus light stop modes. 



A. Open stop production 

We consider stop production in association with like- 
sign tops in pp-collisions 
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Such processes arise due to the Majorana nature of the 
gluinos and, unlike the reaction into tttt*-states, have a 
controlled background |10j . Direct stop pair-production, 
pp — > it* , is disfavored despite its large cross section of 
the order of several hundred pb [11] [34] due to the diffi- 
cult stop identification from charm jets plus missing en- 
ergy, e.g., [THH3]. See, however, [T3] for cases if one of 
the stops decays differently than via FCNCs, and [14] . 
We will come back to di-stop production in Sec. |IVC[ 

For the numerical analysis we use Mad- 
Graph/ MadE vent 4.4.23 [15^ and independently 



our own leading order event generator with CTEQ6L1 
parton distribution functions [16] . We use for the 
factorization and renormalization scales /i = nig. With 
mi ~ 0(100) GeV and nig = 500 GeV cross sections of 
5 pb for the processes Eq. Q at the LHC are obtained. 
The cross section decreases to 0.2 pb for m g = 1000 GeV. 
The dependence on the stop mass is very mild for light 
stops below the top. Next-to-leading order corrections 
yield if- factors of ~ 1.5 — 2 for di-gluino production 
at the LHC [17], suggesting similar enhancements for 
top-associated stop production Eq. Q. For a lower 
proton-proton center-of-mass energy of 10 TeV, the cross 
sections for Eq. Q are reduced by a factor of ~ 0.15 
with respect to those in the 14 TeV case. 



B. Stop boost and decay length 

The stop decay lengths di,i = 1,2 are related to the 
fundamental parameters on average [35] as 



di = 



(7/3) i ^ 47rp z 
r ~ {AmY) 2 ' 



(5) 



where the pi denote the magnitudes of the three mo- 
menta of the two stops in the laboratory frame. In the 
second step we used the small mass splitting approxima- 
tion Am <c mi, see Eq. 

A measurement of the decay length can be used to 
extract AmY if the stop kinematics is known and to ex- 
tract Y if the mass splitting is known also. As already 
stressed, the exact value of Y, within MFV, could tell us 
something about the composition of the lightest stop and 
neutralino and the susy breaking mechanism. 

For m- t ~ 0(100) GeV and m g ~ (500 - 1000) GeV the 
stops produced at the LHC through Eq. Q are typically 
boosted with 7/3 ~ 0(1 — 10), supporting macroscopic 
decay lengths, see Eq. as 
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The boost factors increase for heavier gluinos, however, 
at the price of fewer events. 

We show the distribution of the boost factors of the 
two stops in Fig. [Tjfor m g — 500 GeV. For the dominant 
part of the events, both stops have a significant boost: 
92% of the events have both (7/?), > 1 and are produced 
in the central region, see Fig. [2] 85% of the events with 
both (7/3)i > 1 have \r)i\ < 2.5 (n denotes the pseudo- 
rapidity). As shown in Fig. [3] the stops are also well 
separated in terms of \t)i — r)2\oi 
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where 4>i denote the azimutal angles of the stops in the 
laboratory frame. In Figs. [T][3]the stops in each event are 
labeled according to (^7)1 > (^7) 2- 
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FIG. 1: The stop boost factors at the LHC in processes Eq. Q 
for m { = 100 GeV and m- g = 500 GeV. The thick (thin) 
contour contains 80% (90%) of the events. 
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FIG. 2: The pseudo-rapidity distribution of the two stops at 
the LHC in processes Eq. Q for m t - = 100 GeV and m- g = 500 
GeV. In all shown events both stops satisfy 7/3 > 1. The thick 
(thin) contour contains 80% (90%) of the events shown. 
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FIG. 3: The transverse separation \n\ — 772 1 versus SR of the 
stops at the LHC in processes Eq. Q for nif — 100 GeV and 
nig = 500 GeV. In all shown events the stops satisfy 7/3 > 1 
and \n\ < 2.5. The thick (thin) contour contains 80% (90%) 
of the events shown. 
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FIG. 4: The distribution of impact parameters bi in mm at 
the LHC in processes Eq. Q for different stop lifetimes. The 
curves with bi > 0(< 0) refer to the stop in each event with 
larger (smaller) charm pr- 



ill a typical scenario the stops will travel distances up 
to millimeters, see Eq. Hence, the stops will decay 
before they reach sensible detector material, being away 
a few cm from the interaction point within the beam pipe 
[TBI US] • Consequently, we have direct access only to the 
impact parameters in the transverse plane, bi, for both 
stops, obtained from extrapolating the charm trajectories 
and taking their closest distance with respect to the beam 
axis. (In our analysis, we neglect bending effects due to 
magnetic fields.) 

The impact parameters constitute lower bounds on 
the decay lengths, di > bi. Already an observation of 
any finite value of bi strongly supports MFV since other 
flavor implementations of the MSSM generically yield a 
promptly decaying stop, see Sec. [ITJ 

Even assuming the optimal situation where all rele- 
vant masses are known, due to the missing energies, the 
momenta of the stops - and the individual lifetimes, see 
Eq. ([5]) - cannot be reconstructed on an event-by-event 
basis. We can however obtain information about the stop 
lifetime from the distribution and moments of impact pa- 
rameters of the stops. 

We show the bi distribution in Fig. [3] for different val- 
ues of the stop lifetime r = 0.5,1,2,5, and 10 ps, corre- 
sponding to different values of Y, with all input masses 
fixed to mi — 100 GeV and m g = 500 GeV. For a fixed 
stop lifetime, the dependence of the impact parameter on 
the mass splitting is negligible as long as it is sufficiently 
above the charm mass (we used Am = 5 GeV for the 
plot). The reason is that for a relativistic charm quark 
the angle between the stop and charm momenta in the 
laboratory frame becomes insensitive to the charm mo- 
mentum. The two bi per event are sorted according to the 
charm transverse momenta px'- positive (negative) values 
refer to the charm quark with larger (smaller) px- The 
simulated events show that the distribution is indicative 
for the stop lifetime. 

Numerically, the average impact parameter can be well 
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approximated as 



(6) ~ 180 Aim 



(8) 



The formula is largely insensitive to the stop boost fac- 
tors, i.e., the gluino and stop mass |36j . The asymmetry 
between the two impact parameters ((£>i) — (&2))/((&i) + 
(6a)) is 24%. 

If the stop coupling Y is even further suppressed than 
in Eq. ([!]), for instance due to small wino/bino compo- 
nents in the %°, the decay lengths may be measured di- 
rectly. Specifically, inspecting Eq. ^ for 
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Y < 5 • 10" 
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decay lengths of a few centimeters and larger arise; hence, 
the (hadronized) stops produce tracks from interactions 
with the detector material, see [2D]. The appearance of 
stop tracks is advantageous because more information 
can be obtained without relying solely on the charm jets. 
Very small values of 
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Y < 4 ■ 10" 
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yield stops which travel the detector undecayed. Searches 
from the CDF experiment at the Tevatron have ruled 
out this scenario for light stops with masses below 
249 GeV [H]. 



C. Stop events 

Stops decaying to charm jets and missing energy in 
association with like-sign tops, Eq. Q, can be searched 
for in the final states 



bbjj£ + £+ $ T , bbjj£-£- $ T , 
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requiring leptonically decaying top quarks. As discussed 
in [TO], signals can be separated from the SM and susy 
backgrounds at the LHC by employing cuts on same-sign 
isolated lepton pairs, missing transverse energy, i^r, and 
the transverse momenta of the four (c and b) hardest jets. 
In our simulation $t consists of the two lightest neutrali- 
nos and the two neutrinos from the leptonic decays of the 
top quarks. 

In Fig.[5]we show the px distributions of the two charm 



quarks for m^ =100 GeV, 



500 GeV, and Am 



GeV. The charm px increases with increasing stop boost, 
hence, for heavier gluinos and lighter stops. A small stop- 
neutralino mass splitting supports a stop branching ratio 
dominated by FCNC, B(t — ► cx°) — 1, and a long stop 
lifetime, see Eq. ([3]), but it also makes the charm jets less 
energetic. The px distribution of the charm quarks with 
lower pt per event is shown for different values of Am 
in Fig. [6] We kept the stop mass fixed, hence, lowered 
the mass of the lightest neutralino correspondingly. The 
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FIG. 5: The pr distributions of the charm quarks stemming 
from the decays of light stops produced in processes Eq. Q for 
Uif = 100 GeV, m-g = 500 and Am = 5 GeV. The light blue 
(lighter shaded) histogram corresponds to the charm quarks 
with per event lower pr- 
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FIG. 6: The pr distribution of the lower pr charm quarks 
stemming from the decays of light stops produced in processes 
Eq. for m- t = 100 GeV, m~ g = 500 GeV, and different mass 
splittings Am. 



fraction of events surviving various pt cuts for different 
mass splittings is given in Tab. [IJ 

With a factor of (2/9) 2 for leptonically (/i or e) de- 
caying top quarks, the expected number of events for 
an integrated luminosity of 3(10) fb _1 and ct/vlo = 7.5 
pb (for mi = 100 GeV and m g — 500 GeV) is about 
1110(3700) times loss due to kinematical cuts and detec- 
tor effects. From the px cuts of 20 GeV for the charged 
leptons, 50 GeV for each b, and 100 GeV for ffir[T0"]. a 
reduction factor of 0.42 arises. The latter drops to 0.08 
with a 6-tagging efficiency of 43%. Note that our analysis 
does not employ charm-tagging. 

The pt cuts on the charm quarks have a most signif- 
icant impact on the event rate, see Tab. |T] The num- 
ber of reconstructed stops with a long life then depends 
strongly on the stop-neutralino mass splitting. Assem- 
bling all factors and neglecting further detector effects, 
up to ~ 100 events can be expected for 10fb _1 at our 
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TABLE I: The fraction of events of processes Eq. Q with 
both charm quarks surviving a pr cut for different values of 
P rp in and Am for m { = 100 GeV and m s = 500 GeV. 



benchmark point at the LHC. 
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IV. LONG-LIVED STOP AND GRAVITINO LSP 

So far we did not make use of an LSP-feature of the 
lightest neutralino. We only assumed tacitly that the 
X° is stable on the size of the detector. We ask now 
about the implications for the stop decay length analysis 
outlined in the previous section if the gravitino G is the 
LSP. 

Interactions of the gravitino with the other MSSM 
particles are down by the reduced Planck mass mpi = 
1 /\/8itGn = 2.4 • 10 18 GeV and typically yield very slow 
decays. This suppression can, however, be lifted with 
small masses m 3 / 2 of the gravitino due to its goldstino 
component. Indeed, gravitino masses are linked to the 
susy breaking -F-terms, m 3 / 2 = F/(y3mp{), and can be 
very low, even below eV, depending on the mediation 
mechanism, see e.g., [5] for a brief overview and refer- 
ences therein. 

We consider two cases: In the first one, discussed in 
Sec. |IV A[ the lighter stop is the NLSP. In the second 



we assume m t ~ > m x o > 



scenario, addressed in Sec. IV B 
m 3/2 such that the stop can decay to both the gravitino 
and the lightest neutralino, which is the NLSP. The full 
decay chain t — > cx° — > cjG arising in the second case is 
discussed in Sec. IIVCI 

We assume that the decay t — ► tG is kincmatically 
closed. 



A. Stop NLSP 

If the lightest stop is the NLSP, it decays directly via 
FCNC to the gravitino. The decay rate can be written 

as 
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where z = \J\z L \ 2 + |zr| 2 , and z L (z R ) denotes the cou- 
pling to left (right)-chiral charm quarks. Here we ne- 
glected the mass of the charm quark in the phase space 
calculation. Within MFV, the Zl ^-couplings are CKM- 
and Yukawa-suppressed as 



FIG. 7: Contours of fixed x° lifetimes in the m x o-m 3/ / 2 plane 
as in Eq. 1 15 1. The solid curves correspond, from top to bot- 
tom, to cr x o = 10m, 10cm, 10/im. The dashed line indicates 
the warm dark matter constraint m 3 / 2 > 4keV |22| . 



Evaluating Eqs. (12l-(13) for a gravitino with mass not 
much lower than the one of the lighter stop to ensure 
dominance of the FCNC over the tree level four-body 
t — ► MvG decays, one finds that the stop always leaves 
the detector undecayed, i.e., the proper decay length is 
larger than ~ 10 m. Again, this is ruled out for light 
stops with mass below 249 GeV by CDF [21"] . 

We conclude that in the light stop NLSP scenario with 
a gravitino LSP, there will not be a decay length mea- 
surement indicative for the flavor properties of the susy 
breaking from charm plus missing energy inside the de- 
tector. 



B. Neutralino NLSP 

In the presence of a gravitino with mass below m x o , the 
lightest neutralino can decay via x° — > XG, where X can 
be the photon or the Z-boson or a neutral Higgs. While 
the estimation of the exact NLSP lifetime depends on its 
composition and, if higgsino components are present, on 
the presently unknown Higgs masses and mixing angles, 
we ask here under which circumstances the x° decays 
inside of the detector. 

Assuming a significant bino/wino fraction in the % i 
the gravitino decay rate can be written as [5] 



T( X ° -> 7 G) 
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yielding lifetimes for the lightest neutralino as 
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(15) 



z L oc X b V c bV* b , z R ~ X c z L < zl- 



(13) 



This constitutes a lower bound on t x o because the de- 
cay rates to the massive bosons are further phase space 
suppressed. 

In Fig. [7] we show contours of fixed \° lifetimes in the 
m x o-TO 3 /2 plane calculated according to Eq. (15). The 
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three solid curves (from top to bottom) indicate the re- 
gions below which the x° decays inside of the detector 
(ct x o = 10m), above which a secondary vertex may be 
observed directly (cr x o = 10cm), and below which the 
decay appears to be prompt (ct x o — 10//m). Here we 
ignored effects from the parent stop decay length, which 
push the solid curves to lower gravitino masses. Higgsino 
admixture and subdominance of decays to photons, hence 
a longer \° lifetime, will shift all solid curves downward 
as well. Also shown in Fig. [7] is the lower bound on the 
gravitino mass m 3 / 2 > 4keV obtained from assuming 
that the gravitino is responsible for the observed warm 
dark matter density in the universe [22] (dashed line). 

The lighter stop can also decay directly to the grav- 
itino. We use t — > bWG with subsequent decay of the 
VF-boson into two light SM fermions as an estimate for 
multi-body final states. In the limit where the charginos 
and all squarks except for the NLSP are heavy and the 
gravitino is light, the decay rate for t — ► bWG can be 
written as within MFV. 
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Here my/ denotes the mass of the IF-boson, and Cl(cr) 
parametrizes the amount of the lighter stop's £l(£r)- 
content, e.g., [5], which is not fixed by requiring MFV. 
Up to small effects from intergenerational squark mixing 
is | (? R | + | c| | = 1 . The phase space functions I and J are 
given in [25] , 

Comparing Eq. (16 1 to Eq. one finds that for 
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GeV, 
(17) 

FCNC stop decays into the lightest neutralino are more 
rapid than those directly into the gravitino. The above 
bound on the gravitino mass stems from assuming a 
purely right-handed lightest stop. A left-handed t or left- 
right admixture allows for similar but somewhat smaller 
values of m 3 / 2 than in those in Eq. (17 1. 



For the large splittings between the mass of the t and 
the G considered here, within MFV, the FCNC decays 
Eq. ( fl2] ), are suppressed with respect to the ones from 
the charged current decays Eq. (16). Note also that for 



most of the parameter space, the lower limit on m 3 / 2 in 
Eq. (17 1 is not more constraining than the requirement 



of having a not too light superpartner spectrum. 

We conclude that for gravitinos with mass above a few 
keV, the neutralino NLSP will decay outside of the detec- 



tor and that our analysis for t — » c\ outlined in Sec. Ill 
is unaffected. The case of lighter gravitinos is discussed 
in the next section. 



C. Stop pairs and energetic photon signals 

Following the analysis of the neutralino lifetime of the 
previous Sec. 
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a spectrum mj > m x o > m 3 / 2 to- 
gether with a very light gravitino to 3 / 2 < keV allows for 
the exciting possibility that the neutral bosons X from 
t — > c\° — > cXG decays are seen within detectors such 
as those at the LHC. 

We focus here on the case where A is a photon; hence, 
we assume a significant gaugino content in the lightest 
neutralino. The photons are energetic, with energies of 
~ m x o /2 in the rest frame of the x ■ (Since rn 3 /2 ^ m x a, 
the gravitino can be taken as massless in the kinematics.) 

In Fig. [8] we show the transverse momentum spectra 
of the photons from t — > c\ a — ► c~/G with the stops pair- 
produced in pp — > it* at the LHC [37]. We use m t ~ =100 
GeV and B{x° -> 7<5) = 1. We also use Am = 5 GeV, 
but for Am <C m x o the dependence of the photon spectra 
on the mass splitting is very mild. Note that constraints 
on the relevant sparticle masses and compositions from 
the recent CDF analysis obtained within gauge mediated 
susy breaking (GMSB) [25] may apply, see [2B] , 
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FIG. 8: The photon pt distributions stemming from the de- 
cays t — > cx° — » C7 $t of stops produced in pp — > it* at 
the LHC for m t - = 100 GeV. The light blue (lighter shaded) 
histogram corresponds to the photons with per event lower 
Pt. 

The hard photons are a distinctive signature to ef- 
ficiently suppress backgrounds |26l 127] , and stop pair- 
production pp — > tt* becomes relevant for the LHC. 
While a full simulation of long-lived stops with energetic 
photons from NLSP decays is beyond the scope of this 
work, we briefly give the features of stop pair-production 
pp — > tt* and its impact on stop decay length measure- 
ments. 

Compared to top-associated production worked out in 



Sec. Ill the boost factors of the stops from di-stop pro- 



duction are somewhat smaller. Numerically, the average 
impact parameter can be well approximated as 



(6) ~ 100 Aim 



(18) 



7 



which is roughly half as large as the one in top-associated 
stop production given in Eq. ^ and also macroscopic. 
In Fig. |9]we show the pr distribution of the charm quarks 
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FIG. 9: The pr distribution of the lower pr charm quarks 
stemming from the decays of light stops produced in pp — * tt* 
at the LHC for = 100 GeV and different mass splittings 
Am. 

with lower pt arising in stop decays from pp — > tt* . 

The advantage of direct stop pair-production over 
same-sign top-associated production Eq. Q is a substan- 
tially larger production cross section and the indepen- 
dence of the gluino mass, which might be heavier than a 
TeV. Signal loss due to stoponium formation of the di- 
stops with small relative momentum upon production is 
about a percent effect for light stops of 0(100) GeV [2"B] . 

The photons are further useful for the stop decay 
length extraction and the determination of mass and 
mixing parameters. Independent of the stop production 
mechanism, the following scenarios can arise within susy 
with MFV: 

- The t gives a secondary vertex, and the photon 
points at it. The prompt NLSP-x° decay yields 
an upper bound on its lifetime and on the gravitino 
mass of the order 7713/2 < O(10) eV, see Fig.[7| The 
secondary stop decay vertex can be reconstructed 
using three handles: the charm jet, the stop track, 
and the pointing photon. 

- The t gives a secondary vertex, and the photon orig- 
inates from a tertiary vertex. The \° decay length 
is informative of the gravitino mass and the neu- 
tralino mass and admixture. Approximately, the 
gravitino mass ranges between a few 0.01 keV and 
a few keV, see Fig. [7] The bound on m 3 / 2 gets 
lowered with higgsino admixure in the lightest neu- 
tralino and also with large x° boosts. 

- The t decays before reaching the innermost layer of 
the detector. A finite impact parameter b ^ from 
charm is observed. The x° decays before reaching 
detector material. The upper bound on the decay 
length of the x° implies m 3 / 2 < IkeV, see Fig. m 



- The t decays before reaching the innermost layer 
of the detector. A finite impact parameter from 
charm is observed. The production vertex of the 
energetic photon is seen. It can be used to give an 
upper bound on the lifetime of the \° ■ The range 
for the gravitino mass is as in the second scenario. 

Photons in ATLAS/CMS can be seen in the calorime- 
ter and as converted photons in the tracker. LHC 
studies exist for promptly produced NLSPs decaying to 
gravitinos with non-pointing photons |29j and prompt 
photons [3D]. Also see [3T] for a Tevatron study with 
promptly decaying stops. 



V. SUMMARY 

After measuring the parameters responsible for quark 
flavor violation in the SM, it is even more obvious to 
ask about the flavor quantum numbers of the SM part- 
ners related to electroweak symmetry breaking at TeV- 
energies. We elaborate here on the prospects of a decay 
length measurement that probes the amount of flavor vi- 
olation of susy breaking couplings in the squark sector at 
the LHC. 

Generically, a light stop is long-lived only if flavor is 
broken minimally, i.e., purely by the quark Yukawa ma- 
trices. (An exception is an unstable stop LSP decay- 
ing slowly to SM fermions in models with broken R- 
parity. ) While all such MFV models give strongly CKM- 
suppressed intergenerational stop mixing, whether one 
then sees in the decay t — > c\° an impact parameter, 
cr > O(50/im), or a track possibly with secondary ver- 
tex, C(few cm) < cr < 10m, depends on the composition 
of the stop and its decay products. If the mass splittings 
and mixings are known, the decay length allows further 
to obtain information on the mediation mechanism of 
susy breaking. 

Light stops are produced at the LHC with controlled 
backgrounds through gluinos in association with like-sign 
tops. We find substantial stop boost factors 7/3^1 — 10 
and cross sections in the pb range for gluino masses not 
exceeding a TeV and stop masses around 0(100) GeV. 
Depending strongly on the stop-neutralino mass differ- 
ence, up to ~ 100 events can be expected for 10fb _1 
integrated luminosity. 

Squark flavor violation can be probed by the stop de- 
cay length with a neutralino or a gravitino LSP as long 
as in the latter case the neutralino is the NLSP. If the 
neutralino is not the dark matter particle, the spectrum 
can be heavier than O(100 GeV) while keeping the split- 
ting between the lightest stop and neutralino sufficiently 
small. 

The gravitino LSP provides a further opportunity if 
the gravitino is very light, below a few keV. Besides pos- 
ing no cosmological gravitino problem [32], in this case 
the energetic photon from t — ► %°c —> jGc can be emit- 
ted inside of the detector. This additional signature is 
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advantageous for both the stop and the neutralino life- 
time determination. It also suppresses backgrounds such 
that studies based on pp — > it* with large stop produc- 
tion cross sections independent of the gluino mass come 
into reach at the LHC. 

We conclude that collider searches for displaced or sec- 
ondary vertices are a promising area for explorations of 
many aspects of TeV scale physics. 
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